Abstract: An initial investigation of recirculation is carried out for the coast of the Black Sea. The local mesoscale circulations (land-sea breezes, mountain and valley winds) in coastal areas are shown to be an additional risk factor in creating favorable conditions for air stagnation and accumulation of air pollutants in the surface atmosphere layer. Two types of annual recirculation patterns are revealed for northern and north-eastern coast of the Black Sea. Longterm changes in recirculation are investigated. It is shown that the recirculation parameter values remained quasistable until the mid-1970s. Since 1976Since -1977, steady intensification of recirculation in both winter and summer is identified.
Introduction
The coastal areas of the Black Sea are known for their beauty and rapidly growing recreation sector as well as their economic facilities. However, some of these recreational activities have a negative environmental impact in the form of air pollutants. The efficiency of removing these pollutants from the atmosphere depends on the weather conditions, which are estimated either by direct meteorological observations or complex indexes. The potential air-contamination may be determined from the frequency of occurrence of unfavorable meteorological conditions exceeding a predetermined threshold. These are individual for each area, and are based on information about local sources of emissions, frequency of low atmosphere inversions, low wind speed, air stagnation and cases of fog.
Such detailed information is not always easy to collect. Therefore, it is appropriate to use simple but effective methods to assess whether or not weather conditions are favorable for air ventilation, recirculation and stagnation. The most information about the state of the surface layer of the atmosphere comes from long term standard meteorological observations. Wind speed and direction are particularly useful for evaluating the self-cleaning properties of the surface air.
Wind conditions are one of the most important factors in determining pollutant accumulation in the surface layer of the atmosphere. Wind speed and direction, in particular, are significant parameters for air-pollution forecasting. A large number of studies have assessed the observed and modeled data from wind conditions in connection with these problems [4, 5, 20] .
In the coastal zone, cyclic behavior of the land-sea breeze (LSB) significantly affects wind speed and direction in the atmosphere boundary layer. For instance, the sea breeze can lead to an unfavorable temperature stratification in the atmosphere, causing an accumulation of contaminants in the on shore surface layer. In the morning, the sea breeze brings relatively cold air from the sea surface onto land, which contributes to the formation of a temperature inversion above the land; this inversion may consequently elevate, keeping the contaminants within the internal boundary layer. Under these conditions, the pollutant concentration can dramatically increase [4, 18, 21, 23, 28] .
The diurnal cycle plays an important role in the development of the LSB circulation, and therefore in the redistribution of atmospheric pollutants in the coastal area. Active air recirculation in the breeze cell can lead to the accumulation of substances released during the day at the coast, decreasing air quality. [1, 2, 4, 6, 9, 11, 16, 19] .
Along with the term recirculation, the concepts of "stagnation" and "ventilation" are also used to characterize pollutant dispersion conditions. Stagnation occurs when wind speed is low or it is calm, leading to the accumulation of emission products around the source. In cases of active ventilation the air above the source is constantly replaced, carrying pollutants away from the release point.
Air recirculation in the coastal zone can develop in two directions. Vertical recirculation is associated with the ascending node at the front of the breeze cell, and the descending node at the rear of the breeze cell. Horizontal recirculation goes clockwise around a hypothetical point, leading to full or partial return of air to the starting point (Fig. 1) . The development of a full breeze cell, and therefore the intensity of recirculation, is determined by local meteorological and geographical features including the horizontal temperature gradient between land and sea, the shape and geometry of the coastline, etc., and the characteristics of the large-scale synoptic processes [3, 7, 29] .
The aim of this study is to investigate the spatio-temporal climatology of horizontal recirculation conditions over the northern part of the Black Sea coast, an area formerly part of the Soviet Union, compared with standard wind observations. For this purpose, the recirculation parameter [1] is used as a main characteristic of the coastal wind conditions.
Region Climate
The climate of the Black Sea and its coastal regions is defined by three principal factors: the latitude and topography of the area (the irradiance processes), the atmosphere circulation (both on a large-scale and locally), and the character of the underlying surface. With regard to the type of air masses that dominate throughout the year, the northern and southern parts of the Black Sea may be referred to as the temperate and subtropical climate zones, respectively [13] .
The climates in the western and eastern parts along the same latitudinal belt differ in their thermal conditions and moisture contents. Therefore, over the eastern part of the Black Sea, the winters are warmer than over the western part and monthly precipitation are correspondingly several times higher.
Large-scale circulation over the Black Sea region is rather complicated and may be classified according to prevailing air flow directions [27] . The northerly, northeasterly, and easterly processes noticeably dominate in the wintertime and generally throughout the rest of the year. The southeasterly processes are also observed mostly during the cold times of tyear; they are related the occurrence of high pressure located over the east of the European part of Russia and Kazakhstan, whilst its spur extends into the western regions of the European part of Russia. The southwesterly processes develop when a decrease in air pressure in the lower troposphere is directed from the Baltic Sea toward the Balkan Peninsula. The cyclone development in this depression results in a strengthening of the southerly and southwesterly winds over the Black Sea. The cyclonic activity over the central part of the European part of Russia leads to the development of westerly winds over the Black Sea. The northwesterly type of synoptic process is related to the development of cyclonic activity in the southeast of the European part of Russia and to anticyclonic activity over Europe with a spur toward the Balkan Peninsula. The strongest winds are observed when the Scandinavian cyclones migrate to the southeast of the European part of Russia, across the southern part of the Ukraine, towards the rear of the Mediterranean cyclones. When a cyclone is located over the central part of the Black Sea, strong easterly and westerly winds dominate over the northern and southern regions, respectively. At this time, an anticyclone is usually located over the European part of Russia.
Black Sea wind conditions depend on the irregularity of the coastline, land topography and exposure to largescale atmospheric flows. Throughout the year, the average wind speed is stronger over the open sea than over the coast. The highest wind speeds are found in the northern part of the sea except for the south-east coast of Crimea, and the weakest winds are found in the south-eastern part of the sea. According to meteorological observations, over most of the coast of the Black Sea, light winds of less than 5 m/s dominate throughout the year [15] . The number of days with strong winds (>15 m/s) is greatest along the Annually throughout the region, wind speed is characterized by an increase during the cold period and a decrease in summer [13, 27] . Land-sea breeze (LSB) circulation on the Black Sea coast is especially active from March to October [13, 15, 25, 27] . The frequency of days with LSB as well as wind speed during this time varies depending on the configuration of the coastline and the topography of the land. From this point onwards, when a day is defined as a day with LSB, it means that 1) there is no large-scale weather pattern changes, and 2) the diurnal cycle of wind speed and direction as well as air temperature and other meteorological characteristics is typical for stable weather (as in Fig. 1 ). Ultimately, LSB days are classified after analysis of synoptic conditions and diurnal patterns of meteorological parameters. Western, north-western and Kerch regions of the Black Sea coast are characterized by the lowest observed frequency of LSB days (less than 25 days per year) [15, 27] . The highest frequency of LSB days is observed on the southern Crimean coast (more than 50 days per year, sometimes up to 190 days per year), where the landsea temperature gradient is the most pronounced, and the coast relief favors the development of a breeze. Along the Caucasian coast, the frequency of LSB days increases southward from 18 to 50 days per year. The maximum frequency of LSB days is observed in July and August. For different parts of the Black Sea coast, years with the maximum and minimum LSB day frequencies do not coincide. This can be explained by the large size of the sea, comparable to the large-scale eddies and weather patterns, which in one part of the sea can favor LSB development, whilst in others breeze is impeded.
The duration of both sea and land breeze on the Black Sea coast is almost equal; 11-12 hours [26] . LSB direction changes in the morning and the evening are fast; about 15-20 minutes. The sea breeze starts about 2.5 hours after sunrise, and its change in direction occurs almost simultaneously with sunset.
Breeze wind speeds are relatively low in the Black Sea. For sea breezes, the range is between about 3 and 5 m/s, and for land breezes between 1 and 3 m/s [26] . An increase in speed may occur in areas where the mountains are close to the coast, and the orientation of the mountain and river valleys matches the direction of the prevailing breeze. Under these circumstances, the breeze can become stronger due to slope winds or mountain-valley circulation. The highest breeze wind speed is observed on the western and southern Crimea coast, with the lowest occurring on the Caucasian coast [15] . The vertical extent of sea breeze varies from 200 m in the south Caucasus coast up to 1000 m in the Crimea, depending on the intensity of the breeze. Some days the vertical extent can reach up to 1500-2000 m. Backward upper flow of the breeze cell extends to an average altitude of 3000 m; above this level winds are mainly directed atmospheric circulation. The layer influenced by the land breeze is about 200-300 m; its return flow is between 700 and 800 m.
Depending on the coastal topography, sea breezes can travel from 5 to 50 km inland [3, 25] . The penetration of the coastal breeze is greater than that of the sea breeze, although its intensity is less than the sea breeze. This is due to the low sea surface roughness. Strengthening of the breeze cell and air recirculation happens when the influence of large-scale atmospheric processes weakens.Conversley, slow recirculation and strong ventilationare associated with cyclones and atmospheric fronts.
Materials and methods
Allwine and Whiteman [1] proposed an approach to study site-specific atmospheric transport and diffusion conditions by means of the 'stagnation' and 'recirculation' concepts. In this method, the representative integral quantities for stagnation and recirculation are calculated on the basis of the measured wind speed and direction. The measured horizontal wind vectors are divided into alongshore, , and 'land-sea', , components, respectively ( =1, 24/τ, number of measurements; τ is the sampling interval). By summing , and over T=24 h, we can calculate the daily transport distance of the effluents, so called the 'wind run' or 'stagnation' S,
Low S values indicate that a site prone to air stagnation. The daily straight-line distance L from the release point is calculated
The relationship between the wind vector sum L and wind scalar sum S is used to define recirculation parameters.
Recirculation values may vary between 0 and 1. High R values correspond to an intensification of the breeze cell and show that a site is prone to recirculation. Therefore, during the daytime sea breeze influence, pollutants are accumulated over the coast, and at night, the land breeze transports them to sea until the next stage of the sea breeze which takes them back to shore again. Low values of R show that air is transported away from the coast by the large-scale atmospheric flows, and ventilation is more effective. We need to remember that S and L may be considered as an exact measure of a parcel of air's travel only in an ideal homogeneous wind field. However, this is not the case in coastal regions. Any site is almost always influenced by large-scale wind streams, which deform the wind field and offer relief from the coast. Nevertheless, these characteristics represent the wind field in the vicinity of the measuring site. In Fig. 2 the cases of heavy and weak recirculation are represented schematically for S and L.
Measurement at one site does not allow reconstruction of the actual air particle trajectory, because at a distance the speed and direction from the place of measurement may vary. The purpose of calculating S, L and R is not to reconstruct the true path of the particles, but to assess the degree of air circulation and ventilation. From (3) it is obvious that the value for the recirculation parameter, R is determined by the ratio of L/S. In this case, R may be the same value for both the high and the low wind speeds, and it will depend on the wind rotation during the day. It is also obvious that the diffusion of impurities carried by the air flow will depend on the wind speed. When air stagnation takes place, transport is much slower than with the active development of breeze circulation. In this regard, the analysis of the recirculation parameter is necessary to consider not only the degree of recirculation, but also the speed of the wind.
Convenience and ease of calculating the recirculation parameter, which only requires surface-air observation data, has resulted in its use when evaluating the potential pollutant dispersion in coastal areas. A lot of investigations [6, 12, 14, 16, 19, 22, 30] were devoted to the assessment of such conditions using Rand accompanied by measurements of the concentration of pollutants. These Table 1 ).
pieces of work showed a good correlation between the recirculation parameter and the pollutant concentrations and confirmed the effectiveness of R. The authors [16] have shown that the integration period of 24 hours is optimal for recirculation assessment, regardless of the start time of integration and weather patterns. Our results are obtained by integrating over 24 hours, starting at 0 hours.
Calculations are carried out on observational wind speed and direction data from 36 meteorological stations of the former USSR located on the Black Sea shore (Fig. 3 , Table 1). The data are from 1960 onwards, at a height of 10 m and a frequency of every 3 hours. The main recirculation estimates are calculated for the period 1960-1990. There are several reasons for this choice. Firstly, 1960-1990 is used in climatologic studies as a 'base' period compared to which climate changes are evaluated. Secondly, by the 1960s, meteorological stations in the Soviet Union had been re-equipped and frequency of observations had been increased to every 3 hours. Finally, for political reasons, in 1991, after the collapse of the Soviet Union, the network of meteorological stations was deconstructed and some stations were either terminated or now belong to other countries, which mean data acquisition is difficult.
Results and discussion
The recirculation parameter R depends on the length of the path S and the resulting displacement L. Their spatial and temporal variability is determined by both local and large-scale factors.
Before looking at the long-term changes in recirculation parameters, we wanted to understand if it was possible to consider the recirculation parameter as an indicator of the land-sea breeze or as a circulation similar to LSB with a daily rotation of the wind direction, such as with mountain-valley circulation. Indeed, the magnitude of the final displacement of air after 24 hours depends on the local circulation intensity and the background large-scale atmospheric processes. Therefore, in the presence of both sea and land breezes, the value for L will be low due to the complete rotation of wind during 24 hours. If unidirectional wind (for example, a large-scale atmospheric flow) dominates during the 24 hours, then L will be large, and we can say that there is no full diurnal cycle of the LSB cell, and the influence of the large-scale atmospheric processes has prevailed. Of course, we must remember that in some cases a breeze can exist for only half the day (only sea breeze or only land breeze).
To answer the question and to associate recirculation parameters with mesoscale circulation typical for the coastal sea zone, observational data was investigated of filed campaign [26] which was regularly organized in the summer months in 2002-2009 in the north-eastern coast of the Black Sea about 5 km far from Gelendzhik weather station (number 22 in Fig. 3) . A wind sensor (anemometer of "Weather station Vantage Pro", Davis Instruments) was mounted at the end of a pier (150 m from the coast line) at 7 m above the water. Although, wind speed and direction were measured every 5 mins, we only took hourly data. A day was classified as having LSB circulation after detailed analysis of the diurnal cycle of air temperature, wind conditions, and weather phenomena. A day with LSB circulation has very typical diurnal patterns for meteorological values: (Fig. 4) : there are fast and sharp changes in wind direction and speed decrease when a sea and land breeze follow each other, and there are fast temperature increases in the morning until the sea breeze starts and slows any further air warming, etc. The impact of large-scale processes was considered on the basis of the analysis of the atmospheric pressure (sea level pressure and 500 hPa).
This 2002-2009 dataset includes measurements from 324 days of summer, of which 208 cases had both sea and land breezes. It is about 40 cases per year of out measurements, and it is in a good agreement with longterm averages [26] . The mean value of R for the days with LSB (208 days) is 0.55, and 0.23 for days without a breeze (116 days). In 90% days with 0<R<0.3 refer to the second group (without LSB). When 0.3<R<0.5% in 80 cases there were days from the first group (with LSB) as well as 93% of days with R>0.5. Based on these results, we can The next part of investigation is devoted to analyzing the 1960-1990 dataset containing the long-term spatiotemporal features of the northern coast of the Black Sea. The index S is an integral daily wind speed, i.e. the distance which could be covered by a parcel of airin 24 hours if it were to maintain the same trajectory and wind speed (Fig. 2) . The spatial distribution of mean S values (Fig. 5) reflects the spatial wind speed distribution on the Black Sea coast. The lowest values for both S and wind speed are observed in the south-eastern region, which is protected from the north and the east by the Caucasus mountains. The highest wind speed, as well as maximum S values, are typical in open, flat terrains in the north (Odessa, Razdolnoye etc), in the west and south-west of Crimea (Yevpatoriya, Sevastopol), and in places known to develop a strong bora in the winter time. towards the beginning of the Big Caucasus ridge (Gelendzhik-Novorossijsk). Seasonal variations in S decrease in the south-east and on the southern coast of Crimea (Fig. 6, 7) . Displacement, L, is determined not only by the wind speed, but also by the ratio of the large-scale impact of the air flow to the local circulations (LSB, mountain winds), which are responsible for the air recirculation in the coastal zone. Small values of L can reflect two situations: very slight wind over 24 hours or a high recircu- (Fig. 5) are typical for areas with high frequency stagnant situations (southeastern part of the Black Sea, e.g. Zugdidi) as well as for southern Crimea with high wind speed and intensive LSB recirculation (e.g., Yalta).
The spatial distribution of the recirculation index R represents the influence of local geographic features and largescale atmospheric processes. Open, flat, coastal areas rarely endure stagnant situations. These locations are characterized by high values of S and L, and recirculation is much weaker than where the mountain ridges stretch along the coast. The most active air recirculation occurs on the southern coast of the Crimea peninsula and on the south-eastern coast of the Black Sea, where the mountainous relief helps to enhance breeze circulation and reduces the impact of large-scale atmospheric flow.
In warmer months, the cyclonic activity weakens and mesoscale circulation is more pronounced. Hence, the recirculation index increases, and its daily values are much higher than in winter, reaching 0.9 or more (Fig. 5) .
In order to show the effect of relief more definitively, all the stations were divided qualitatively into three groups depending on their location: flat terrain, mountainous coast, and others. Although all sites had very individual geographical features (relief, coast line orientation, elevation and distance from the shore), recirculation in the first and second groups has noticeable differences. The first group includes (as numbered on Figure 3 ) stations 1-10 (northwestern coast and western Crimea) and 18-21 (part of north-eastern coast). The second group consists of stations 14-17 (southern Crimea) and 22-26, 30-33 (Caucasian coast). The third group contained location-specific stations. This separation is natural from a geographical point of view and is proven in the results; maps in Figure 4 clearly show spatial clusters with close characteristics of recirculation. The "box-and-whisker" diagram for L, S and R for each group is shown in Figure 6 . After the exclusion of 9 non-typical stations, the difference between the two types of coast is very well seen. Mountains, on one hand, block the coast and help to reduce wind speed and the S parameter. On the other hand, if mountain ridges are parallel to the shore line, the direction of the slope winds coincide with LSB and give a positive contribution to formation of circulation cell, resulting in a reduction of L.
To illustrate features of recirculation, stagnation and ventilation for each group we chose locations typical of each part of the coast. Figure 3 and Table 1 . At low wind speeds (0-1 m/s S 86 km) the possibility of air stagnation increases. It is especially dangerous when accumulation of contaminants in the surface layer of the atmosphere come from surface and low emission sources. Recirculated air may also help to increase the concentration of pollutants in the surface layer. In [1] , it is proposed the value R =0.4 for recirculation, S = 250 km and R = 0.2 for ventilation. We also use these critical values. Frequency of stagnation, recirculation and ventilation in accordance with the above criteria is shown for some typical stations of the Black Sea coast in Fig. 6 . The results indicate that the least ventilated areas not only have the lowest wind speeds, but that there is also actively developing recirculation takeing place. In such cases, the night land breeze can carry the pollutants away but then the daytime breeze can return them to the coast. This process contributes significantly to the accumulation of pollutants in the lower atmosphere in the coastal areas; consequently increasing the possibility of a morning inversion raised over the coast after the sea breeze forming. These conditions occur more often than in other areas on the southern coast of Crimea and the south-eastern part of the Black Sea coast. With the climate change during the 20th century, atmosphere circulation and wind patterns have changed over the coast of the Black Sea [10] . The mean trend of R for the entire northern part of the Black Sea is shown in Fig. 10a . Since the observation periods at different stations vary significantly, the average R value for all stations was calculated for . The relatively stable period between the 1960s and mid 1970s is replaced in the late 1970s by an increasing trend in annual and seasonal average values. This agrees with the known shift in climate seen around the world in the atmosphere and the ocean [10] . An increase in recirculation (Fig. 10) reflects an activation of local mesoscale circulation in both summer and winter. This may be a result of the weakening cyclonic activity in this region due to the displacement of storm tracks northward, which has been confirmed by observations and modelling (for instance, [8] ). Changes in the average annual values of R, S and L are shown in Fig. 7b for Sochi, where the wind observation time series is the longest, clearly shows that over 100 years there are three major cycles of different length. The end of the first cycle occurs in the late 1950s, and the second occurs during the mid-1970s. A decrease in R starts in the third cycle around the mid-1990s. Temporal boundaries, where the long-term trends in R change, cor- 
Conclusion
Initial research of the long-term wind conditionsof the lower layer of the atmosphere in the coastal zone of the Black Sea is carried out. Data were analyzed in terms of the degree of recirculation, ventilation and stagnation. High recirculation values along the coast show that local meso-scale circulations (LSB, mountain and valley winds) are an additional risk factor for creating favorable conditions for the accumulation of air pollutants in the surface atmosphere layer. Evaluation of the recirculation index is based on standard meteorological observations of wind speed and direction. The recirculation index may serve as an indicator for the presence of local circulations with diurnal cycles. It is also a convenient measure of ventilation. It is found that the spatial distribution of the recirculation index and its temporal changes reflect the impact of geographical features and large-scale atmospheric processes. Open, flat, coastal areas suffer less from stagnant situations than areas where mountain ranges stretch along the coast and slope winds enhance the development of a breeze cell. The frequency of stagnation, recirculation and ventilation shows that the least-ventilated areas can appear where wind speed is low, and also where recirculation is active. Long-term changes in recirculation over the past 100 years demonstrate three well-pronounced periods starting in the beginning of the century, in the late 1950s and in the mid-1970s. The most rapid increase in recirculation occurred in the last quarter of the 20 century.
